Atopic dermatitis (AD) is a chronic inflammatory skin disease characterized by a defective skin barrier function. The pathogenesis of AD is recognized as a complex interplay of immune, genetic, infection and neuroendocrine, etc., Filaggrin (encoded by FLG gene), the most influential genetic risk factor for AD to date, [1] is thought to be the key protein involved in epidermal barrier homeostasis. Lower FLG expression was found in acute lesions of AD than in normal controls, [2, 3] the loss-of-function mutations of FLG were observed in about one-third to 42% of AD individuals, genetic predisposition does not sufficiently explain all cases with AD. [4] [5] [6] Recent studies indicate that T helper 1/T helper 2 (Th1/Th2) cytokines also significantly contribute to FLG expression. [2, 7] However, the data are not in full accord and even controversial. [8] Mechanistic studies on the role of Th1/ Th2 cytokines on FLG processing have not been explored sufficiently.
IntroductIon
Atopic dermatitis (AD) is a chronic inflammatory skin disease characterized by a defective skin barrier function. The pathogenesis of AD is recognized as a complex interplay of immune, genetic, infection and neuroendocrine, etc., Filaggrin (encoded by FLG gene), the most influential genetic risk factor for AD to date, [1] is thought to be the key protein involved in epidermal barrier homeostasis. Lower FLG expression was found in acute lesions of AD than in normal controls, [2, 3] the loss-of-function mutations of FLG were observed in about one-third to 42% of AD individuals, genetic predisposition does not sufficiently explain all cases with AD. [4] [5] [6] Recent studies indicate that T helper 1/T helper 2 (Th1/Th2) cytokines also significantly contribute to FLG expression. [2, 7] However, the data are not in full accord and even controversial. [8] Mechanistic studies on the role of Th1/ Th2 cytokines on FLG processing have not been explored sufficiently.
FLG has several site-specific functions governed by the program of epidermal terminal differentiation in which a number of proteases are involved, such as corneum trypsin-and chymotrypsin-like enzymes (stratum corneum tryptic enzyme/kallikrein 5 [KLK5] and stratum corneum chymotryptic enzyme/KLK7), [9] [10] [11] channel-activating serine protease1 (CAP1), [12] matriptase (coded by ST14), [12] and cysteine protease caspase-14 [13] and their key protease inhibitor lymphoepithelial Kazal-type-related inhibitor (LEKTI) (encoded by serine protease inhibitor Kazal-type 5 gene/SPINK5). [12] [13] [14] All of the proteases can enhance FLG degradation processing. LEKTI inhibits FLG degradation processing through suppressing the proteases mentioned above. [12] [13] [14] The balance between proteases and inhibitor is the key mechanism in keeping FLG homeostasis. It has been well-characterized that IL-4 and IL-13 expression is increased in acute AD lesions whereas interferon-γ (IFN-γ) expression is increased in chronic lesions. [15, 16] Since the distinctive imbalance of Th1and Th2 immune response exists in AD, we hypothesized that Th1/Th2 cytokines might regulate the proteases involved in FLG metabolic processes.
Here, we examined the expression of FLG and related serine proteases (KLK5, KLK7, matriptase, and CAP1), cysteine protease caspase-14, and LEKTI by immunohistochemical staining in acute and chronic lesions of AD. We also examined their expression in HaCaT cells and normal human keratinocytes (NHK) in culture. High calcium (HC) condition induces keratinocyte differentiation. [17] We stimulated the cultured keratinocytes with interleukin (IL)-4/13 or IFN-γ, at different Ca 2+ levels, simulating the inflammatory state of human AD.
Methods

Atopic dermatitis patients and skin samples
The adult patients from Northern China were diagnosed with AD according to the diagnostic criteria proposed by Hanifin and Rajka. [18] All enrolled patients had not undergone any treatments for the last 4 weeks. Biopsies were obtained from six patients (three on acute and three on chronic lesions). Normal adult skin specimens (n = 3) as normal controls were obtained from patients undergoing plastic surgery. Informed consents were obtained from all the participants. This study was approved by the Ethics Committee of China Medical University.
Immunohistochemical staining
Frozen sections of skin samples were cut at 6 µm. Endogenous peroxidase was blocked by incubating slides with 3% H 2 O 2 for 5 min, and tissue sections were then blocked with serum blocking reagent (Zhongshan Goldenbridge Biotechnology, Beijing, China) for 15 min at room temperature. Slides were incubated with anti-LEKTI, anti-caspase14, anti-FLG, anti-matriptase, anti-CAP1, and anti-KLK7 (Santa Cruz Biotechnology, Inc., CA, USA), anti-KLK5 (Abcam Ltd., CA, USA) for 3 h at 37°C. The secondary antibody and 3 3,-diaminobenzidine stain were added according to the manufacturer's protocol (Zhongshan Goldenbridge Biotechnology, Beijing, China). The sections were counterstained with hematoxylin.
Keratinocytes culture
HaCaT cells, an immortalized human keratinocyte line, were grown in Dulbecco's modified Eagle's Medium (HyClone, USA) containing a low calcium (LC) concentration (1.3 mmol/L calcium), supplemented with 10% fetal calf serum and 1% penicillin/streptomycin at 37°C in 5% CO 2 . Cells were seeded at 2 × 10 5 cells/ml. Cells grown at 60-80% confluence were then stimulated with 50 ng/ml of recombinant human IL-4 and IL-13 (Pepro Tech Inc., New Jersey, USA) or 20 ng/ml of recombinant human IFN-γ (Pepro Tech Inc., New Jersey, USA) with LC (1.3 mmol/L) and a HC concentration (10 mmol/L calcium), respectively. [2, 7] Cells were harvested 24 h after adding cytokines. We chose this time point to avoid contact inhibition due to the fast growth rate of HaCaT cells.
Normal foreskin specimens were obtained from subjects (n = 3) undergoing genital plastic surgery after informed consents. Human primary keratinocytes were isolated as described by Barlow and Pye [19] and cultured in serum-free defined keratinocyte-serum free medium (SFM) (Gibco Invitrogen Corporation, USA) containing a LC concentration (0.09 mmol/L calcium) supplemented with defined keratinocyte-SFM growth supplement (Gibco Invitrogen Corporation, USA) and 1% penicillin/streptomycin at 37°C in 5% CO 2 . Aliquot of cultured cells were histochemically stained with anti-human cytokeratin monoclonal antibody (clone number: AE1/AE3) (Fuzhou Maixin Biotech Co., Ltd., China) showing that more than 99% of the cultured cells were keratinocytes. Third or fourth passage keratinocytes were used in subsequent experiments. Cells were seeded at 1 × 10 5 cells/ml and cultured for 3-5 days (reaching 60-80% confluence) before performing cytokine stimulation with 50 ng/ml IL-4 and IL-13, or 20 ng/ml IFN-γ, in LC (0.09 mmol/L calcium) and HC (1.3 mmol/L calcium) condition, respectively. [2, 7] Cells were harvested 5 days after cytokine stimulation. [2, 7, 20] RNA isolation and fluorescent real-time reverse transcription-polymerase chain reaction of keratinocytes Total RNA was isolated from HaCaT cell and NHK using RNA prep pure Cell Kit (Tiangen Biotech Co., Ltd., Beijing, China) following the manufacturer's protocols and reverse-transcribed with Prime Script TM RT reagent kit (TaKaRa Biotechnology Co., Ltd., Dalian, China). Real-time polymerase chain reaction analyses were performed under the protocols of SYBR ® Premix Ex TaqTM II (TaKaRa Biotech Co., Ltd., Dalian, China) and the primers used in this study were designed as shown in Table 1 . Relative quantities of all targets in test samples were normalized to their corresponding β-actin levels. Relative quantification using the 2 standard curves or delta-delta computed tomography method was performed.
Western blotting of keratinocytes
Expression of FLG, LEKTI, caspase14, KLK7, KLK5, matriptase, and CAP1 proteins was evaluated by Western blotting. Total protein extracts were prepared as described by kit KGP250 supplier (Keygen Biotech Co., Ltd., Nanjing, China). Protein concentration was measured using a protein assay kit (Bio-Rad, Hercules, CA, USA). Aliquots of protein fractions were incubated for 5 min at 99°C with loading buffer. A total of 100 µg of protein mixture was separated by 8-12% SDS-PAGE according to the molecular weight of protein, transferred to a polyvinylidene difluoride membrane (Millipore, CA, USA). Membranes were then blocked with 0.1% Tween 20 and 5% nonfat milk at room temperature for 2 h. The immunoblots were incubated with anti-LEKTI, anti-Caspase14, anti-FLG, anti-matriptase, anti-CAP1, anti-KLK7 (diluted 1:50-100, Santa Cruz Biotechnology Inc., CA, USA), and anti-KLK5 (diluted 1:250, Abcam Ltd., CA, USA) monoclonal antibodies in TBS with 1% bovine serum albumin at 4°C overnight. Anti-human β-actin antibody (ZSGB-Bio Corporation, Beijing, China) was used as a control. The membranes were washed 3 times with 0.1% Tween 20 in TBS and incubated with horseradish peroxidase-conjugated secondary antibody (ZSGB-Bio Co., Beijing, China). All immunoblots were detected by the Western blotting luminol reagent (Pierce, USA) according to the manufacturer's instructions by MF-Chemi BIS 3.2 (DNR Bio-Imaging Systems Ltd., Israel). Results from the representative triplicate experiment are shown.
Statistical analysis
Data of the messenger RNA (mRNA) expressions was analyzed with SPSS 13.0 (SPSS Inc., Chicago, IL, USA). Normality of data distribution was examined by Kolmogorov-Smirnov test and data variance equality by Levene's test. Quantitative results were expressed as a mean ± standard deviation (SD). A minimum of three independent experiments (double wells in each experiment) was conducted for statistical comparison. Comparison of multiple independent variables was analyzed by Kruskal-Wallis test after determining the normality of data distribution. For comparison of two independent variables, corresponding significant results were further assessed by Mann-Whitney U-test, and Bonferroni method was used for adjustment alpha. A P < 0.05 was considered statistically significant.
results
The expression of filaggrin and its processing proteases in acute and chronic atopic dermatitis lesions
As shown in Figure 1 , FLG, LEKTI, and caspase14 expressions were significantly decreased, whereas matriptase, CAP1, KLK5, and KLK7 expressions were increased in acute AD lesions, as compared to normal controls. Similar trends were observed in chronic AD lesions. However, higher levels of FLG, LEKTI, caspase14, while lower levels of matriptase, CAP1, KLK5, and KLK7 were present in chronic AD lesions, as compared to the acute lesions.
Interleukin-4/13 down-regulates, while interferon-γ up-regulates, filaggrin expression
In LC culture condition, as shown in Figure 2a , IL-4 and IL-13 significantly reduced, whereas IFN-γ significantly increased FLG mRNA expression, in both NHK and HaCaT cells as compared with normal controls.
In HC culture media, keratinocytes showed increased FLG mRNA expression, as compared with that in LC culture media. Incubation of differentiated keratinocytes with IL-4 and IL-13 in HC media down-regulated FLG mRNA expression as compared to control cells, whereas IFN-γ significantly increased FLG mRNA expression. In parallel with the above findings, Western blotting detected similar changes in FLG expression, as shown in Figure 2b .
Effects of interleukin-4/13 and interferon-γ on filaggrin degradation related proteases
Proteases, such as KLK5 and 7, [9] [10] [11] matriptase, [12] CAP1, [12] and caspase-14 [13] can enhance FLG degradation process. We next screened whether the test cytokines had any effects Expression models of filaggrin and proteases involved in filaggrin processing in acute and chronic lesions of atopic dermatitis patients. Skin sections were stained for filaggrin, LEKTI, caspase14, matriptase, CAP1, KLK5, and KLK7. Filaggrin, LEKTI, and caspase14 expressions were significantly decreased, whereas matriptase, CAP1, KLK5, and KLK7 expressions were increased in AD lesions, as compared to normal controls. This phenomenon was more pronounced in the skin from patients with acute lesions (DAB staining, Original magnification ×100, the arrows point to the stained positive cells), (n = 3/three experiments in duplicate). AD: Atopic dermatitis; LEKTI: Lymphoepithelialkazal-type-related inhibitor; CAP1: Channel-activating serine protease 1; KLK5: Kallikrein 5; KLK7: Kallikrein 7. on the expression of these proteases in keratinocytes. As shown in Figure 3a , IL-4/13 significantly induced KLK7 expression in both NHK and HaCaT cells. On the contrary, IFN-γ significantly reduced KLK7 mRNA expression. Keratinocytes in HC media showed increased KLK7 mRNA expression versus that in LC media. As shown in Figure 3b , IL-4/13 significantly affected KLK5 expression in both NHK and HaCaT cells. In LC culture media, KLK5 mRNA expression levels were significantly higher than in the respective controls. In HC media, KLK5 mRNA expression level in NHK was significantly higher than the control cells; however, there was no difference of KLK5 mRNA expression in HaCaT versus control cells (P > 0.05). On the contrary, IFN-γ significantly reduced KLK5 mRNA expression in both cell types. Keratinocytes showed increased KLK5 mRNA expression in HC media but not in LC media. As shown in Figure 3c , IL-4/13 significantly induced matriptase expression in both NHK and HaCaT cells. On the other hand, IFN-γ significantly reduced matriptase mRNA expression in both cell types. In NHK, the mRNA expression level was higher in HC than in LC culture media. Figure 3d shows that IL-4/13 significantly induced CAP1 in both NHK and HaCaT cells. On the contrary, IFN-γ significantly reduced CAP1 mRNA expression in both cell types. In NHK, the mRNA expression level was higher in HC than in LC culture media. Figure 3e shows that IL-4/13 reduced caspase14 expression in both NHK and HaCaT cells. However, IFN-γ significantly induced caspase 14 mRNA expression in both cell types in LC culture and HC media. The calcium level in culture medium had no effect on caspase 14 expression.
The protein expression levels of the above FLG degradation proteases evaluated by Western blotting were consistent with the respective mRNA changes, especially in NHK, as shown in Figure 3f .
Interleukin-4/13 down-regulates, but interferon-γ up-regulates the expression of lymphoepithelial Kazal-type-related inhibitor in keratinocytes
As shown in Figure 4a , IL-4/13 significantly reduced LEKTI mRNA in both NHK and HaCaT cells. On the contrary, IFN-γ significantly induced LEKTI mRNA expression. Data showed a higher increase in LEKTI mRNA expression by keratinocytes in HC than in LC culture media.
The protein expression levels of LEKTI by Western blotting analysis were consistent with respective mRNA changes in HC and LC culture conditions, as shown in Figure 4b. dIscussIon FLG is the key protein for maintaining normal epidermal barrier integrity and stratum corneum hydration. [21] Many proteases are involved in this complex processing. [14] The precursor pro-FLG is dephosphorylated with increasing calcium concentration and proteolytically cleaved by proteases, such as matriptase, [22] CAP1, [23] KLK7, and KLK5 [24] to release FLG protein during keratinocyte differentiation. Further processing is triggered by cysteine protease caspase-14, [25] which produces the hygroscopic degradation products urocanic acid and pyrrolidone carboxylic acid (known as essential components of the natural moisturizing factors, NMF). LEKTI can globally inhibit FLG degradation processing through suppressing the proteases mentioned above. [10] [11] [12] [13] [14] 26] The balance between proteolytic activity and its inhibitor is pivotal in keeping FLG homeostasis. While loss-of-function mutations in FLG is a strong genetic factor in the pathogenesis of AD. This study confirms the recent report that FLG expression is significantly decreased by Th2 cytokines, such as IL4/13, whereas it is up-regulated by Th1 cytokine IFN-γ. [2] Contrary to our findings, Hvid et al. [8] stated IFN-γ down-regulated FLG expression. We argued the difference may be due to the LC level of the culture media in Hvid's study.
Increased Th2 cytokines and reduced IFN-γ was reported in acute AD lesions, whereas a markedly increased lesional expression of IFN-γ was found in the chronic phase of AD. [15, 16] This study confirms the biphasic role of Th1/Th2 cytokines in FLG expression in keratinocytes, either in undifferentiated or calcium-induced differentiated state in vitro, as well as in lesional skin. The imbalance between Th1 and Th2 polarized immune response seems to extend to FLG homeostasis as well.
KLK5 and KLK7 are essential epidermal desquamation-related serine protease in the skin. [27, 28] KLK5 and KLK7 activity have previously been shown to be up-regulated in the skin of AD patients, [29] [30] [31] especially in acute lesions. [29, 30] Our results showed that IL-4/13 can increase KLK5 and KLK7 expression in NHK, with a stronger effect on KLK7 than on KLK5, in both undifferentiated and differentiated cell states. In HaCaT cells, the effect was less significant, especially for KLK5 expression. The discrepant KLK5 expression in NHK and HaCaT cells may be due to their inherent different responses to Th2 cytokines, as exemplified by Morizane et al. [32] that IL-4 or IL-13 had no influence to KLK5 expression in his study. We detected that IL-4/13 up-regulated the expression of matriptase and CAP1. It is presumed that high level of these enzymes may disrupt skin barrier through increasing FLG degradation and decreasing intercellular adhesion and accelerating desquamation. Similarly, some researches demonstrated that barrier dysfunction also leads to increased serine protease activity. [33, 34] Therefore, the high expression level of serine proteinases (SPs) and Th2 cytokine may interact with each other and form a vicious circle to disrupt the skin barrier in AD lesion.
On the other hand, IL4/13 moderately down-regulated caspase14 expression in both NHK and HaCaT cells, similar with the result of Hvid et al. [8] These results suggest that IL4/13 could speed up the proFLG proteolysis and at the last step of FLG proteolysis, prohibit NMF formation through down-regulated caspase14. The decreased level of NMF results in a change of pH in stratum corneum, which may affect the activity of KLK5, 7 and injure the skin barrier further. [35] In contrast with IL-4/13, our study indicated that IFN-γ decreased KLK5, KLK7, matriptase, and CAP1 expression, while significantly increased caspase14 expression in both LC and HC culture conditions and tissue sections of AD. This scenario would give rise to increased FLG and NMF level in the skin.
LEKTI is expressed in the most differentiated epidermis. Many proteases are the substrate of LEKTI in upper SC. [13, 14, 36] LEKTI buffers proteases hyperactivity, so it is the key protease inhibitor during terminal differentiation and maintenance of permeability barrier homeostasis. The absence of LEKTI causes stratum corneum detachment secondary to the epidermal excessive reaction of SPs. Defects of the LEKTI-encoding gene (SPINK5) result in the lack of LEKTI and lead to Netherton syndrome which mimics AD. [37] Only a proportion of AD is susceptible to Spink5 polymorphisms, [38] [39] [40] [41] which suggest that other factors may influence LEKTI expression in AD. Our results showed, on the contrary to proteinase, IL-4/13 can decrease the expression of LEKTI in human keratinocyte. This result was confirmed by cultured keratinocytes from AD patients [42] and that from the noninvolved skin of AD patients. [43] Our immunohistochemical staining also revealed the decrease of LEKTI in AD, especially in acute AD lesion. We argued that the LEKTI deficient expression and the increased KLK5, 7 expressions in the keratinocytes under imbalance Th1/Th2 cytokines may lead desmosome cleavage and abnormal FLG expression and processing and induce the impairment the skin barrier, though Hatano et al. [32] suggested that neither IL-4 nor calcium level influence the expression of LEKTI, [44] and Morizane et al. found that neither IL-4 nor IL-13 can affect the expression of LEKTI.
It was reported that changes in the proteolytic balance of epidermis could result in inflammation as well. [9] Our results indicated the Th1/Th2 cytokines might regulate FLG expression through the proteases and their inhibitor involved in FLG metabolic processes in keratinocyte. The SPs expression (such as KLK5, 7, matriptase, and CAP1) was higher in acute lesions than chronic lesions, while caspase14, LEKTI expression was lower than in chronic lesions. The difference in expression in FLG and its degradation-related proteases was in accorded with Th1 and Th2 immune response. AD seems to entail a vicious circle between inflammatory response and skin barrier defect through FLG and its processes proteases. Breaking this vicious circle may be attempted through administering recombinant Th1 cytokines or specific blockers or inhibitors of Th2 cytokines or LEKTI directly. Indeed, due to its inhibition effect on Th2 and Th2 cytokines, IFN-γ was successfully applied to treat AD, especially in patients with acute erosive lesions and erythema. [45] [46] [47] We presume one of the therapeutic effects of IFN-γ may be through regulating the expression of FLG and its processing proteases. While the ineffectiveness of IFN-γ in chronic stages of AD might be explained partly through its effect on the induction of LEKTI and inhibition of SPs expression, which slow down the desquamation of stratum corneum.
The study further disclosed the necessity of immunity, in addition to genetic mutation, to the expression of FLG in AD. Although FLG is the key protein involved in epidermal barrier homeostasis, gene therapy is complex for FLG due to the bulk of FLG protein sequences with many kinds of mutations. More recently, it was reported that restoration of LEKT1 in deficient cells of Netherton patients recovered FLG homeostasis. [48] The results presented here provide the initial basis that local protease inhibitors LEKTI therapy might be a potential therapeutic approach for AD through regulating the FLG proteolytic balance. 
